Nickel has been listed as a priory control pollutant by the United States Environmental Protection Agency (US EPA). Compared with other methods, the combination of vegetation and the addition of mineral sorbents to heavy metal-contaminated soils can be readily applied on a large scale because of the simplicity of technology and low cost. Halloysite and zeolite, among others, can be used for this purpose. A greenhouse study was performed to evaluate the feasibility of using natural zeolite, as well as raw and modified halloysite for the remediation of simulated Ni-contaminated soil. The soil was spiked with five doses of nickel, i.e. 0 (control), 80, 160, 240 and 320 mg·Ni kg -1 ·soil. The average accumulation of heavy metals in nickelcontaminated soil was found to follow the decreasing order of Ni>Zn>Cr>Cu>Pb. The highest reduction of Pb content was observed in soil samples taken from pots containing 80 and 160 mg·kg -1 of Ni along with the addition of modified halloysite. The strongest effects were caused by natural zeolite, which significantly reduced the average content of chromium. Contamination at 320 mg Ni·kg -1 of soil led to the highest increases in the Ni, Pb and Cr contents of soil.
INTRODUCTION
Contamination of soils with heavy metals, including nickel, is a major problem for environmental quality throughout the world. Nickel (symbol Ni, atomic weight 58.71, atomic number 28) has been listed among the priory control pollutants by the United States Environmental Protection Agency [USEPA, 1997] , and is Earth's fifth most common element. Soil can be contaminated with nickel through various anthropogenic activities, such as the rapid development of the steel industry, automobile traffic, sewage sludge and waste, mining and the application of fertilizers [Sas et al., 2015 , Radziemska et al., 2015, Tuovinen et al., 2016, Gupta et al., 2014] . Other important sources are products of fossil fuel combustion and crude oil products. About 61% of nickel produced worldwide is used to manufacture stainless steel, 17% has other uses, including the production of batteries, catalysts, and chemicals, 13% is used for plating, and the remaining 9% is used in other nickel alloys [Huang et al., 2009] .
Understanding the characteristics of nickel contamination in soils and identifying its environmental exposure risk provides important information for making decisions as to the best method of remediating soils contaminated with this heavy metal [Kuziemska et al., 2014] . The application of low cost, environmentally friendly and easily available reactive materials in the removal of heavy metals from polluted environments, e.g. soils , clarifying the air and sewage [Belchinskaja et al., 2009] , and protecting groundwater in traffic infra-
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structure has been widely investigated.
Halloysite nanotubes comprise naturally occurring aluminosilicate nanotubes with a 1:1 Al:Si ratio and stoichiometry of Al 2 Si 2 O 5 (OH) 4 . nH 2 O, and are characterized by regular, openended pores, with a bigger pore radius than that of zeolite [Guimarães et al., 2010] . Halloysite has a large range of applications in many fields, such as biotechnology [Cavallaro et al., 2013] , water decontamination [Liu et al., 2013] , as an adsorbent of heavy metals from nickel polluted soils [Radziemska et al., 2013 , and as a nanofiller for polymers [Dong et al., 2012] . Moreover, the structures of zeolites consist of three-dimensional frameworks of SiO 4 and AlO 4 tetrahedra, and these minerals are known to be good adsorbents of heavy metals, such as nickel, chromium, lead, cadmium, copper and zinc [Pimraksa et al., 2013] . One of the three halloysite mines is located in the town of Dunino near Legnica (51°8'44"N, 16°4'31"E). The "Dunino" halloysite deposit has resources of at least 10-12 million tons, and is characterized by a homogenous content, high clarity and trace amounts of heavy metals.
The application of zeolites in soil remediation is mainly based on their ion-exchange properties. Zeolites can basically lead to the immobilization of heavy metals in one of two ways: by changes in pH value and cation exchange [Shi et al., 2009] . The increase in alkalinity promotes the sorption of metals via surface complexation processes. Moreover, heavy metal retention may also take place regardless of pH value, due to the cation exchange in zeolite. The beneficial effects of zeolites are a result of their high porosity and sorption capacity, which, as in our studies, was also confirmed by Silva et al. [Silva et al., 2008] .
The aim of the conducted research was to determine the effects of soil contamination with nickel on the content of selected elements in the soil and to examine whether the applied mineral reactive materials (raw halloysite, modified halloysite and natural zeolite) can be effective in decreasing Ni, Pb, Cr, Zn and Cu concentration in soils.
MATERIAL AND METHODS
The impact of adding raw halloysite, modified halloysite and natural zeolite to nickel contaminated soil on the content of selected micronutriens in soil was assessed under the conditions of a pot experiment at a greenhouse facility of the Warmińsko-Mazurski Universtiy in Olsztyn (north-eastern Poland). The experiment was conducted in three repetitions. Non-polluted soils used for plant cultivation were collected at a depth of 0-20 cm from farmland in the vicinity of Olsztyn, Poland.
The experimental soil was tested for its physicochemical and nutritional properties before sowing the seeds. It was found to be slightly acidic, with a pH of 4. . Natural zeolite with phase composition of quartz 69.43% and aluminum oxide 13.04% was obtained from Sokirnica, Ukraine. Raw halloysite was obtained from the strip mine ''Dunino'', Intermark Company (Legnica, Poland) and modified halloysite samples is produced by the company by calcination of the raw halloysite at 650 ºC. Mineral reactive materials were added in amounted to 3.0% of the soil mass, and soils without materials (0.0%) were designated as the control. The soil mixed with natural zeolite, raw and modified halloysite were placed in pots and incubated at constant humidity (70% water holding capacity) fore one month.
The following parameters were determined in soil samples prior to setting up the experiment: pH -determined by means of the potentiometric method using an aquatic solution of KCl at a concentration of 1M KCl dm -3 with a glass electrode and a Handylab pH/LF 12 pH meter (Schott, Germany), [APHA, 1995] , hydrolytic acidity (HAC) by Kappen's method, the soil samples were treated with 0.5 M/dm 3 Ca-acetate solution adjusted to pH 8.2 in the ratio of 1:2.5 [Klute, 1996] [Klute, 1996] , cation exchange capacity (CEC) from the formula: CEC=HAC-+TEB and percentage base saturation (V) from the formula: BS=100
. TEB CEC [Lityński et al., 1976] , and magnesium content -atomic absorption spectrometry method following extraction using the Schachtschabel method [Lityński et al., 1976] .
The total contents of nickel, lead, chromium, zinc and copper were determined in extracts obtained upon mineralization in nitric acid with a concentration of 1.40 g . cm -1 in a MARS 5 microwave oven (CEM Corporation, USA), in HP500 teflon vessels (the parameters of the process, i.e., weight of analytical samples, volume of nitric acid, and temperature of the mineralization process complied with the US-EPA3051 Protocol). Total concentrations of the five analyzed heavy metals were determined by means of the flame atomic absorption spectrometry method on a SpectrAA 240FS spectrometer (VARIAN, Australia) in an air-acetylene flame, using a Sample Introduction Pump System. All reagents were of analytical reagent grade. Statistical analysis was performed using the software Statistica (StatSoft, 2010). Differences of means between treatments were tested by ANOVA and comparisons of means using LSD test, at p=0.05. The means and standard deviations (±SD) of five replications are reported. Pearson's simple correlation coefficient (r) was also calculated between the heavy metal content indicated in the soil with the level of significance set at P<0.001, P<0.01 and P<0.05.
RESULTS AND DISCUSSION
Nickel is an essential trace element in the environment and is present at varying levels in soils. The typical concentrations of this element range from 1 to 450 mg kg -1 in most natural soils [Bai et al., 2006], whilst in polluted soils, concentrations may reach levels as high as 200-26 000 mg .
kg
-1 [Izosimova, 2005] . Soil contamination with nickel modifies the physicochemical properties of soil, while the bioavailability of Ni depends on soil properties, e.g. the proportions of nutrients, cation exchange capacity, clay content, and pH. Li et al. [2011] proved the relationships between nickel contamination and soil properties. In the present study, the average accumulation of tested elements in Ni-contaminated soil with additives, i.e. natural zeolite, and raw and modified halloysite, was found to follow the decreasing order of Ni>Zn>Cr>Cu>Pb. The analysis of results showed that the content of nickel in the soil was influenced by the dose of Ni-contamination as well as the addition of natural zeolite, and raw and modified halloysite (Table 1, Figure 1 ). In the control series (without reactive materials), the differences in the nickel of soil were positively correlated with increasing doses of nickel.
Soil samples from this experiment were characterized by nickel concentrations ranging from 2.52 to 249.10 mg . kg -1 . Among the substances applied to neutralize nickel contamination, the application of modified halloysite was shown to be the most effective and decreased the average nickel content by 12%. The application of natural zeolite to soil with the highest contamination of Ni (320 mg·kg -1 ) was the most beneficial, as it reduced the nickel content in the soil by 13%. The use of low-cost and environmentally safe amendments for the immobilization of heavy metals has been investigated as a promising method for the remediation of contaminated soil. In comparison with other reactive materials, halloysite is more abundant and much cheaper, and has been used as a candidate adsorbent due to its tubular structure. Complexation, ion exchange, precipitation, and adsorption are the major mechanisms involved in the transition of soluble forms of heavy metals to geochemically stable solid phases, thus reducing the heavy metal available for uptake by plants in soils [Cao et al., 2008] .
Lead is commonly encountered in contaminated sites worldwide, and several studies have demonstrated direct correlations between lead in soil and its levels in blood . Urban areas are characterized by higher contamination with this element, while road transport has been a major source for lead emissions compared to other anthropogenic factors [Domańska et al., 2015] . In the presented study, lead content in soil was significantly influenced by: the contamination of soil by nickel (dose) and neutralizing substances in the form of natural zeolite as well as raw and modified halloysite (Table 1, Figure 1) . Concentration of lead in the tested soil samples ranged from 3.17 to 4.90 mg . kg -1 of soil. In the control treatments (without mineral additives), the highest dose of nickel caused an increase in the content of lead of up to 21% as compared to the control. The highest reduction of lead content was observed in the soil from pots to which 80 and 160 mg of nickel had been applied per 1 kg of soil after modified halloysite had been added. An analogical situation was observed in the case of adding natural zeolite and raw halloysite (RH), although their influence was weaker. In a study by Ye et al. [2015] , soil contaminated with heavy metals, after being treated with 5.0% modified diatomite for 90 days, showed 69.7% reductions Mean values for five samples (±standard deviation) are shown. LSD for: a -nickel dose, b -type of neutralizing substance, a . b -interaction; n.s. -non-significant; r -correlation coefficient, significant for: ** -P<0.01, * -P<0.05; NZ -natural zeolite; RH -raw halloysite; MH -modified halloysite in lead concentrations upon 0.01 M CaCl 2 extraction. Kumpiene [2010] reported metal immobilization when adding bentonite to soil, which is able to limit metal leaching through ion exchange and chemisorption. On the other hand, the coremediation of Pb-polluted garden soil by zeolite and humic acids limited the availability of lead in the soil as well as enhancing the validity of phytoremediation [Shi et al., 2008] . Table 2 indicates that the application of mineral sorbents and increasing Ni-concentrations influenced the chromium content of tested soil. Excessive deposits of chromium in soils may lead to elevated heavy metal uptake by crops, affecting the quality and safety of foods [Maleki et al., 2015] . In the present study, the concentrations of chromium ranged from 8.05 to 10.05 mg . kg -1 of soil. In the control series (no additives), the differences in chromium content were positively correlated with increasing doses of the abovementioned element. Soil contamination at 360 mg Ni·kg -1 soil led to the highest increase in Cr content in the soil. Among the substances applied, the strongest effects were caused by natural zeolite, which significantly reduced the average content of chromium in Ni-contaminated soil. Zeolite can lead to the immobilization of metals in many ways, e.g. the increase in alkalinity promotes heavy metal sorption [Querol et al., 2006] . In connection with the above, in research carried out by Herwijnen et al. [2007] , zeolite-amended composts were found to be more effective than un-amended ones in the remediation of heavy metal polluted soils in the leaching experiment. The present study indicates a strong relationship between the application of neutralizing substances and increasing nickel concentrations of soil on the zinc content in soil (Table 1, Figure 1) . Concentrations of zinc ranged from 19.18 to 21.01 mg . kg -1 of soil. In general, applying nickel to soil contributed to decreased levels of zinc in soil in the control series -without neutralizing additives. An exception to this was the soil with the highest dose (80 mg·kg -1 soil) of nickel. In the treatments without mineral additives, the highest dose of nickel caused a decrease of 7% in the content of zinc as compared to the control. Liu et al. [2009] showed that easily mobilized Zn can be transferred to deeper layers of soil. By introducing substances that are capable of increasing the sorption capacity of soil, such as zeolites, halloysites, or other compounds which exhibit sorption properties, the amount of absorbable forms of heavy metals in the soil can be decreased . The highest reduction of Zn content was observed in soil from pots to which 80 and 240 mg of Ni were used per 1 kg of soil along with the addition of modified halloysite.
Copper content in soil was affected by the dose of nickel and by the type of the reactive materials applied (Table 1, Figure 1) . In the present studies, the concentration of copper ranged from 5.36 to 7.81 mg . kg -1 of soil. In general, applying nickel to soil contributed to reduced levels of copper in the soil as compared to the control series -without natural zeolite, raw and modified halloysite. In the series lacking neutralizing additives, Ni-contamination significantly reduced the content of copper in the soil. Modified halloysite added to objects containing increased doses of nickel reduced the average amount of copper in soil by 30% when compared soil to which neutralizing substances had not been added. According to Terzano et al. [2005] , zeolite synthesized Correlation testing was carried out to evaluate the relationship between heavy metal content and various Ni-doses in soils amended with different mineral sorbent treatments ( Table 2 ). The simple linear correlation coefficient indicated significant correlations between heavy metals in soil and increasing nickel contamination. In the control series (no additives), the highest values of significant correlation coefficients occurred between the contents of nickel and lead, as well as copper and zinc (r=0.982, r=0.931). Significant negative correlations were found between the contents of nickel and zinc in soil with natural zeolite (r=-0.938) and zinc and copper (r=-0.923) with modified halloysite. Moreover, natural zeolite in soil with nickel was also significantly negatively correlated with the content of zinc (r=-0.972) and copper (r=-0.881).
CONCLUSIONS
The combination of the phytoremediation process with the modification of the physicochemical properties of soil by introducing mineral reactive materials like zeolites or halloysites, may significantly shorten the time required to complete the entire remediation process. The present experimental results indicate that NZ, RH and MH immobilization of heavy metals was an effective way of remediating soils contaminated with heavy metals.
The content of Ni, Pb, Cr, Cu and Zn in soil depended on the dose of Ni, as well as the addition of natural zeolite, and raw and modified halloysite. The average accumulation of heavy metals in Ni-contaminated soil was found to follow the decreasing order of Ni>Zn>Cr>Cu>Pb. The mostly distinct changes were confirmed in the case of Zn and Cu, the soil contents of which were significantly decreased by the highest doses of nickel. Contamination at 320 mg Ni . kg -1 of soil led to the highest increase in Ni, Pb and Cr in the soil. The highest reduction of Pb content was observed in soil from pots to which 80 and 160 mg . kg -1 of Ni, containing an addition of modified halloysite. Soil contamination at 360 mg Ni . kg -1 soil led to the highest increase of Cr. The strongest effects on this element were caused by natural zeolite, which reduced its content. In the treatments without mineral additives, the highest dose of nickel caused a decrease in the content of Zn of 7%. Modified halloysite reduced the average amount of Cu in soil by 30%.
